ПЕРЕРОЗПОДІЛ ВИСОТ ЯРУСІВ ПІДПІРНИХ СТІН, ЙОГО ВПЛИВ НА НАПРУЖЕНО-ДЕФОРМОВАНИЙ СТАН СИСТЕМИ «УТРИМУЮЧІ КОНСТРУКЦІЇ -ҐРУНТОВИЙ МАСИВ»
Introduction. The planning of areas with complex terrain in a modern city often needs the excavation pits with a depth of about 20 m. The construction of a retaining wall of this height provides for the mandatory use of ground anchors, node-to-node anchor, or any other limiters of horizontal displacements. Such structural elements are usually located in the neighboring territory. These structures can be cut by the following construction. Therefore, one of the solutions for protecting the territory can be the use of several levels of retaining walls.
The latest sources of research and publications analysis. Stability of slopes and methods of numerical modeling of landslide-prone areas were investigated by M. L. Zotsenko and Y. L. Vinnikov [1] . Influence of piles, which are located at the level of soil excavation, on retaining wall is considered in the article of Katzenbach G. [2] . This article presents the results of numerical simulation, which are based on a series of full-scale tests of a reduced model, and the corresponding dependencies are revealed. The methods for determining the parameters of retaining walls was considered in the A. L. Gotman`s paper [3] . Also, the issue of numerical modeling and comparison of the obtained results with geodetic monitoring data was considered by such scientists as I. Skrzypczak, J. Kogut, W. Kokoszka [4] , C.V.S. Benjamim, B.S. Bueno, J. G. Zornberg [5] and others.
Distinction of unresolved parts of a common problem. The choice of the plannedhigh-altitude position of the levels of the retaining walls is an important factor, as well as an understanding of how the change in the position of levels affects to the stress-strain state of the system «retaining structures -soil mass». The results of the numerical experiment on the change in the redistribution of heights of the three-level retaining wall, and the effect of this redistribution on the operation of each of the tiers are described in this paper.
Formulation of the problem. The number of problems is solved to investigate the influence of the distribution of excavating heights of levels of the retaining walls on the stress-strain state of the system «retaining structures -soil mass». The calculations were performed using a model of a physically nonlinear elastic-plastic environment, based on the dilatancy theory of Professor V.M. Nikolaevsky [6] . This soil model is realized in the program complex ASSR «VESNA». Part of the dilatancy theory, which describes the dependence of the critical density level, ρ cr on the hydrostatic pressure, σ m , was supplemented by Professor I.P. Boyko [7, 8] by the following equations:
where ρ cr_i -currently critical density; ρ cr_0 -critical density in the absence of all-round compression; ρ cr_max -the maximum critical density for a given soil; Р 0 -a parameter of the soil that determines the level of hydrostatic pressure at which the transition from the conical surface to the cylindrical surface. Equation (1) shows that the critical density ρ cr_i increases with the hydrostatic pressure σ m .
The proposed relationships also provide an opportunity for more complete description of soils elastic-plastic deformation processes. Because these relationships allow to consider elastic volume deformations of the soil, while they are in a critical state. The value of the critical density ρ cr_i is variable due to the redistribution of the hydrostatic pressure σ m in the investigated region.
The purpose of this work is to determine the regularities between the height of the levels of the retaining wall and the components of the retaining structure levels stress-strain state.
The main material and results. A three-level retaining wall with the following input constant geometric parameters for research has been selected. This retaining wall has some geometric parameters: excavation height of the pit, Н; total distance between levels, L=2/3Н; distance between each of the levels in the plan, 1/2L. Variable for these tasks were height of each level. The calculation scheme for this task set is shown in Fig. 1 . The tasks are solved by numerical simulation in a flat formulation. The values of t, m, d are given in Table 1 . Also, the results of a numerical experiment, such as the values of maximum bending moments and displacements of the retaining walls top of each level is shown in the table.
The dimensions of the finite element scheme, the sizes of the finite elements, their type and the grid thickening zone are the same for all solved tasks. It allowed to avoid the accumulation of errors in numerical modeling Also, during the modeling of pit excavation, it is important to consider the calculation stages of excavation and the technological sequence of retaining walls levels construction. The results of numerical simulation differ by 15%, when digging out the ground in stages 1 and 2 m. The lack of technological stages of construction in the calculation shows a difference between the results of horizontal deformations of more than 2 and almost 3 times. The results of the soil massif deformation distribution are incorrect without considering the stage of construction. Therefore, the step-by-step calculation and modeling with including phases of retaining walls erection and pit excavation is a necessary component of the numerical modeling of the system «retaining structures -soil mass». The solution of all tasks is performed in 13 stages, and the excavation of the pit is modeled by uniform steps. The obtained data must be visualized in the form of graphs surfaces. For convenience, it was denoted any investigated component of the stress-strain state S. The main task is to associate 4 parameters: d, m, t, and S in one scheme (one of the obtained data components: displacement the top of piles or maximum bending moments of the levels). This dependence requires the construction of a 4-dimensional surface. It is associated the variation parameters by the following logical equation (2) in order to go to three-dimensional space and visualize the results in the form of isо poles
where H -excavation height of the pit. Using equation (2), it can always be expressed the height of the upper level, t, presetting the heights d and m:
Now, any physical quantity S can be found as a function of only two variation parameters (d and m):
Thus, it is got themethod for constructing dependencies between the components of the stress-strain state of the system «restraining structures -a soil mass» and the geometric parameters of a three-level retaining wall. The projections of the surfaces for horizontal displacements of retaining walls each level are shown in Fig. 2 . The values of t are shown in the control points on the projections, for convenience of use. 
Figure 2 -Horizontal displacements of the top of the retaining walls
The height of the upper and horizontal displacements of the upper level is increased and level of excavation of the lower level decreases respectively. In addition, the minimum values of horizontal displacements correspond to the values d = 8 m, m = 4 m, t = 6 m, thus, the height of the middle level should be less than all others.
It is expected that an increase in the middle level height of the retaining walls causes an increase in the horizontal displacements of this level (Figure 2, b) , but at the same time, an increase in the lower level from 6 to 8 meters also shows a significant increase in the deformations of the middle retaining wall. The minimum values of the horizontal displacements of the retaining walls middle level correspond to the values of the heights d = 6 m, m = 4 m, t = 8 m, the maximum displacements correspond to -d = 8 m, m = 8 m, t = 2 m. That is, increasing the height of the lower level more significantly affects the displacements of the middle retaining wall than the increase in the upper one. This is explained by the fact that the volume of soil, which retains the middle retaining wall, decreases with increasing height of the lower level.
The lower level of the retaining walls has received the smallest absolute horizontal displacements for almost all the considered variants of levels heights distribution. The horizontal displacements of the lower tier had only 4% higher values than for the middle tier only for the altitude relation d = 6 m, m = 4 m, t = 8 m. The obtained isopoles of horizontal displacements of the lower level (Fig. 2, c) showed that the increase in the deformations of this level is due to increase in its height in a greater degree. The increase in the heights of the middle and upper levels showed the least influence on the displacements of the lower level. It can be explained by the fact that the redistribution of the loads level to the lower tier in a lesser way affects the deformations of the retaining wall than the volume of the soil mass that retained this level.
Analysis of the calculations results was limited to tasks with the values d, m and t = 4...8 m. It was done to compare the effect of mutual redistribution of the levels heights on the each horizontal displacements. Studies have shown that the difference between the smallest and the largest values of horizontal displacements in the given range of levels heights is 57 % for the lower level; 50,6 % for the middle level; 41 % for the upper level.
The next investigated component of the stress-strain state of the system «retaining structures -soil mass» is the maximum values of the bending moments in the piles of the retaining walls of retaining structure each level. The values of the bending moments are determined at the last stage of modeling pit excavation. The results obtained in the form of a surface projection are shown in Fig. 3 . The maximum bending moments that appear in one or another level of retaining wall in all the researched cases correspond to such a mutual height arrangement of other levels where the own height of the wall level is greatest. The minimum bending moments of each levels do not always correspond to its lowest height. The dependence, at which the minimum own height corresponds to the minimum moment, is valid only for the lower level. For upper level, the redistribution of neighboring levels heights has a greater influence on the values of the bending moments than the own heights.
Conclusions. The construction of multi-level retaining walls allows retaining significant changes in the ground without horizontal limiters use, and at the same time, using the area of the construction site for building, by integrating the retaining structures in the architectural solutions of the new building.
It has been established that the maximum movements of the levels piles top depend largely on their own heights. The change in the height of the level leads to loads redistribution throughout the structure. The upper level is the most sensitive to the change in the geometric parameters of the retaining walls in percentage terms. Thus, the differences between the smallest and largest values of horizontal displacements are: 57 % -for the lower level; 50,6 % -for the middle level; 41 % -for the top level.
The researching of soil mass influence redistribution between levels showed that neighboring levels heights influences on the value of the bending moments are: for the lower level -24 %, for the average level -40 %, for the upper level -47 %.
The visualization of the obtained results in the form of isofields makes it possible to evaluate the influence of the level heights on the components of the stress-strain state of the system «soil massif -retaining structures», which in turn allows to justify the rational dimensions of the retaining structures in each specific case.
